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 Volatile organic compounds (VOCs) affect our daily life through their 
emission from very common sources such as plants, building materials, 
paints, pesticides, and fossil fuel burning. The detection of VOCs at room 
temperature is a prime requirement. The graphene-based gas sensor has the 

potential to detect these VOC gases due to its attractive features such as high 
mobility and large surface area. In this work, a graphene-derivative is 
prepared as a sensing material in order to detect acetone. The thin film  
of graphene-derivative is prepared by a drop-cast method on a quartz crystal 
microbalance (QCM) sensor followed by drying in the room environment 
conditions. The prepared graphene-derivative and thin films are characterized 
structurally and morphologically by standard microscopic techniques such as 
FESEM, EDX, and Raman spectroscopy. The electrical parameters such as 

mobility and resistivity are measured using Hall-effect measurements  
at room temperature. The response and recovery time of the graphene-
derivative based 10 MHz QCM sensor are found to be 23 s and 20 s, 
respectively. This highly sensitive graphene-based gas sensor with good 
reversibility can be employed for human health and environment safety 
applications.  
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1. INTRODUCTION  

Health-monitoring by analyzing the human breath is emerging nowadays. The exhaled human 

breath is a combination of about 3500 different volatile organic compounds (VOCs). Particularly, a single 

person’s breath consists of approximately 500 various types of VOCs in the range of parts per million (ppm) 

or parts per billion (ppb) range or parts per trillion (ppt) [1, 2]. The detection of VOCs, therefore, becomes 

important for detecting serious diseases such as lung cancer, breast cancer, asthma, and diabetes [3].  

Among the detection devices or sensors, quartz crystal microbalance (QCM) is highly preferred sensing 

devices because it is robust, cost-effective, highly mass sensitive and very accurate for the detection of 
analyte gas [3, 4]. QCM sensor contains a quartz crystal wafer sandwiched between two metal-coated  

(gold, silver) electrodes. The change of resonant frequency of QCM is based on the mass of the absorbed 

molecule on the QCM electrode surface.  

In the sensor’s architecture, sensing material plays a very crucial role in responding to the gas 

molecules. As a sensing material, several pristine and composite materials such as zinc oxide (ZnO) [5],  

tin oxide (SnO2) [6], titanium dioxide (TiO2) [7], polyaniline (PANI) [8], carbon nanotubes (CNTs) [9], 

graphene [10] and ZnO-CuO [11] have been widely investigated. Among these sensing materials, graphene 
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has attracted the research community due to its unique properties at room temperature for instance,  

large surface area (2630 m2g−1) for molecular adsorption, outstanding thermal (~5000 W.m-1.k-1) and 

electrical conductivity (up to 6000 S.cm-1) and high carrier mobility of 1.5 × 105 cm2/Vs [12]. Apart from 

graphene, the graphene derivative like reduced graphene oxide (rGO) is also being explored for gas sensing 

applications owing to its facile preparation and novel applications for gas molecule detection [13, 14].  

Many gas sensors based on rGO have been recently reported for the detection of various gases, such as CH4, 

H2, CO2, CO, NO2, NH3, and H2S [12, 15-18]. But, the sensor with fast response and recovery time at room 

temperature is limitedly reported. 
In this work, we investigated the thin film of reduced graphene oxide as sensing material on a QCM 

sensor for VOC gas detection at room temperature. The rGO suspension is initially prepared by reducing the 

aqueous suspension of GO paste using ascorbic acid (L-AA). The thin films of rGO was prepared by the 

drop-cast method followed by drying at room temperature. The contaminants-free wrinkled morphology of 

rGO thin films with multilayer graphene structure, high mobility of ~2× 104 cm2/Vs and low resistivity of 

~4 × 10-1 Ωcm, enhance the absorption of acetone molecules on its surface. This leads to a fast response from 

the QCM gas sensor with rGO sensing material. Using as-prepared rGO thin sensing films, the QCM-gas 

sensors exhibiting fast response and recovery time of ~20-30 s are demonstrated.  

 

 

2. RESEARCH METHOD 

Graphene oxide (GO) paste (95 wt% purity) used in this study was purchased from Graphenea  
(San Sebastian, Spain). Ascorbic acid, Ethanol (AR, ≥ 95 %wt purity) and Acetone (AR, ≥ 95%wt purity) 

were purchased by Sigma Aldrich. All chemicals are analytical grade, no further purification is required for 

conducting experiments. De-ionized (DI) water is used in all preparations. For preparing an aqueous 

suspension of reduced-graphene oxide (rGO), 2.5 ml of GO paste (Mw= 4 mg/ ml) was added in 25 ml of DI 

water. Then, 5 mg of ascorbic acid was slowly added into as-prepared aqueous rGO suspension followed by 

ultrasonication for 15 minutes. The prepared suspension was then stirred for 1 hour at 65 ˚C. After stirring, 

the rGO suspension is rinsed several times with DI water using a centrifuge and filtered in order to remove 

the ascorbic acid as shown in Figure 1(a).  

 

 

 
 

Figure 1. (a) Schematic illustration for preparation of rGO-coated QCM sensor, (b) Process flow for 

preparation of rGO thin film on SiO2-Si substrate 

 

 

The surface morphology and structural characteristic were inspected by Field emission scanning 

electron microscopy (FESEM, Zeiss supra 55VP), energy-dispersive X-ray spectroscopy (EDX) and Raman 

spectroscopy (Horiba Jobin Yvon HR800, excitation wavelength of 514 nm). Raman spectroscopy is a  

non-destructive and direct technique to measure the chemical and structural characteristics of the molecules 
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in the sample. The electrical parameters such as mobility and conductivity were measured using Hall-effect.  

For the above microscopic characterizations, the thin films of rGO were prepared by the drop-cast method on 

the target substrate such as SiO2. The SiO2 substrate was prepared on a p-type Si wafer (resistivity of  

0.001 – 0.005 Ωm). Initially, the Si wafer was cleaned using the RCA method in order to remove possible 

contaminants and native oxide [19, 20]. Then, an oxide layer (200 – 300 nm) was grown using the dry 

oxidation technique at 1100 °C. The Si-SiO2 substrates were later sliced into the pieces of size 2cm x 2cm. 

The process flow for rGO thin film is illustrated in Figure 1(b). 

For preparing the rGO-coated QCM sensor, 1 μL of as-prepared rGO suspension was extracted from 

the beaker using a high precision micropipette. Then, a sub-micron layer of rGO was drop cast on the gold 

plated AT-cut 10 MHz QCM electrode surface. The coated QCM was then dried at room ambient for at least 
24 h. Before thin-film development, the bare QCM was cleaned with anhydrous ethanol (AR) and DI water 

using ultrasonication (15 minutes each) [21]. A schematic illustration of preparing of rGO coated QCM 

sensor shown in Figure 1(a). 

The gas sensing experiment is performed by using a custom made gas sensing setup at room 

temperature. Figure 2 illustrates the QCM based gas sensing experimental setup. The rGO coated QCM is 

placed in a QCM holder. The QCM holder is then connected to a frequency counter (FQ4, jlm Innovation 

Denmark). The output of the frequency meter was connected to a compatible computer via an RS–232 serial 

communication port. Multisense software is used to get the sensing characteristics (time vs. frequency). 

 

 

 
 

Figure 2. Experimental setup for QCM based gas sensing 

 

 

In typical sensing operation, the sensor holder chamber was initially filled with air to obtain the 

baseline. Then, 500 ppm and 100 ppm acetone vapors were infused into the chamber. After the infusion of 

acetone vapors, the frequency-shifted abruptly at the beginning. It was then gradually started to reach the 

steady-state value. This expresses that the maximum number of acetone molecules has been absorbed on the 

surface of the rGO film [22]. On the absorption of molecules, the mass of absorbate is increased at the sensor 
surface, thereby shifting in the resonant frequency takes place in proportion to the mass of absorbate 

molecules (Dominant phenomenon of QCM sensing [3, 23]). For observing the reversibility and 

reproducibility the exposure of acetone vapor is replaced by air then, the rGO coated QCM will achieve the 

baseline frequency. If the process continues for various cycles, the sensor indicates good reversibility and 

reproducibility. 

 

 

3. RESULTS AND DISCUSSION  

3.1.   Morphological and Structural Analysis 

Figure 3 illustrates the morphology of rGO films using FESEM. Figure 3(a) shows a wrinkled 

surface showing that graphene layers are distorted due to the linkage of the residual oxygen after the thermal 

reduction. The reduced graphene with wrinkled morphology can absorb the analyte molecule effectively. 
Zhang et al. [24] also reported similar morphology. The high magnification image of the rGO surface is 

shown in Figure 3(b). The presence of additional elements in the rGO sample was investigated using the 

EDX detector. Figure 4 depicts the EDX mapping. Carbon, oxygen, silicon were detected on the surface of 

rGO as shown in Figure 5(a), 5(b), 5(c), respectively. The detected amount of the elements in rGO thin film 

sample is shown in Table 1. The mass ratio of C:O of GO and rGO was observed to be 7:5 and  

9:3, respectively. It can be seen that hydrogen, nitrogen, and sulfur were absent. It was also observed that the 
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amounts of oxygen and carbon contents of the rGO sample were reduced in comparison to the GO sample. 

These results indicate that the ascorbic acid has reduced the GO into rGO to a certain extent. Similar 

observations were also reported by Eluyemi et al. [25].  

Figure 6 shows the Raman spectrum of the rGO sample. The D- and G-peaks were found to be at 

Raman shift of ~1350 cm-1 and ~1580 cm-1, respectively. The positions of D- and G-band are significantly 

dependent on the defects, edges, disorder, grain size and microstructure of the graphene materials.  

The D-band of graphene indicates to the defects and G-band represents the sp2 atomic arrangement of carbon 

atoms of graphene layers [26, 27]. The relative intensity ratio ID / IG for rGO was found to be 1.295 indicates 
the presence of defects in rGO film [28]. Thus, this defective nature of carbon structure is primarily 

accountable for the adsorption of the VOC gas molecules. Such defects are favorable for VOC gas sensing 

[29]. The second-order D-peak (i.e. 2D-peak) was observed to be located at ~2655 cm-1 Raman shift. The 

position, shape of 2D-peak and I2D / IG intensity ratio are used to discriminate the monolayer and few-layer 

graphene in the structure. The I2D / IG intensity ratio was found to be 0.255 for the rGO sample, indicating 

that it has few-layer graphene features, similar results are also reported by Antony et al. [30]. 

 

 

 
 

Figure 3. FESEM images of rGO thin films at lower magnification (a) 2 μm and at higher magnification,  

(b) 200 nm 

 

 

 
 

Figure 4. EDX spectra of rGO thin film 

 

 

   
 

Figure 5. EDX mapping of rGO thin film 
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Table 1. Elemental composition of rGO determined by EDX 
Element Weight% Atomic% 

C K 45.57 61.7 

O K 15.27 15.53 

Si K 39.16 22.70 

 

 

 
 

Figure 6. RAMAN spectrum of rGO thin film on SiO2/Si substrate 

 

 

3.2.   Electrical Parameters 

The electrical parameter such as mobility and conductivity of rGO film on SiO2 (300 nm)/ Si 

substrate were measured using Hall-effect measurement. The mobility and the resistivity of rGO film on SiO2 

(300nm)/Si substrate were found to be 2.228 × 104 cm2V-1s-1 and 3.827 × 10-1 Ω cm, respectively. The carrier 
density was measured to be -4.393 × 1010 cm-2. Similar results were also reported by Novoselov et. al [31]. 

The electron mobility, resistivity and carrier density of a graphene-based film in the range of 500-20,000 

cm2/Vs, 10-6 Ωcm, and 1012/cm2, respectively are highly desirable for gas and vapor sensing operation at 

room temperature [32]. The Hall-effect results indicate that the prepared rGO material has the potential for 

gas and vapor sensor.  

 

3.3.   Sensing Properties 

Figure 7(a) and 7(b) shows the response-recovery curve of rGO coated QCM for 500 ppm and 100 

ppm acetone vapor at room temperature, respectively. The response of the sensor is expressed in frequency 

shift ∆f which can be calculated by ( )air gasf f f   , where fair, fgas are the frequencies of QCM at airflow 

and gas flow (acetone vapor) conditions, respectively [33]. The response of the prepared QCM sensor was 
3500 Hz and 200 Hz for 500 ppm and 100 ppm, respectively. The frequency shift was found to be higher for 

a higher concentration of acetone vapor. A similar trend in the frequency response was achieved for the three 

cycles of gas flow at both concentrations. This suggests good reversibility and reproducibility of the 

developed sensor are achieved. 

 

 

 
 

Figure 7. The frequency shift of rGO–based QCM sensor for acetone vapors at (a) 500 ppm concentration 

and (b) 100 ppm concentration 
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The response time of the rGO coated QCM sensor for 500 ppm was obtained to be 25 s whereas it 

was 23 s in the case of 100 ppm of acetone vapor. The response time is the time taken in the relative change 

in frequency to reach 90% of the steady-state value [34]. The recovery time of the QCM sensor with rGO 

sensing materials was found to be 30 s and 20 s for 500 and 100 ppm, respectively. This short recovery time 

attributes to the weak van der walls bond between acetone molecule and rGO [14]. Thus, without annealing, 

the acetone vapor molecule can be removed (reversibility) from the rGO surface. This entails that acetone 

molecules can easily get absorbed/ desorbed at the surface of rGO thin film, indicating that the QCM sensor 

with as-prepared rGO sensing material has achieved a good response and recovery time. 
 

3.4.   Related Mechanism 

The gas sensing principle depends on the change in mass of absorbate at the rGO-coated QCM 

electrode and the mass of absorbate depends on the number of graphene layers and agglomeration of rGO 

sheets spreading on QCM electrode [13, 14]. Since as-prepared rGO thin film has aggregates, wrinkles and 

crumples along with multilayer graphene structure. Therefore, when the acetone vapor is exposed to the rGO-

coated QCM, the acetone molecules cause van der walls interaction and hydrogen bonding between acetone 

molecule and rGO (COOH group of graphene), leading to the change in mass of absorbate at surface of the 

QCM electrode [10]. Consequently, the variations in frequency shift are obtained. Since these van der walls 

bonds are naturally weak, so the absorbate can easily desorb on the air exposure. Such desorption of 

molecules indicates a good recovery of the sensing device.  

 
 

4. CONCLUSION  

In this work, we have successfully demonstrated graphene-derivative (rGO) based thin film as 

sensing material in the QCM gas sensor for acetone detection at room temperature. The thin film of rGO was 

prepared by the drop-cast method on the QCM electrode. The surface morphology, structural and electrical 

properties of as-prepared rGO material and thin films were analyzed using standard microscopic techniques 

and Hall-effect measurement. The wrinkled multilayer graphene film structure without possible contaminants 

indicates that the as-prepared rGO film surface is inducive to the absorption of gas vapor. The mobility of 

2.228 × 104 cm2/Vs and resistivity of 3.827 × 10-1 Ωcm of rGO thin film indicates the good electrical 

properties which can lead to a fast response from rGO-based QCM sensor. The developed QCM sensor with 

rGO thin film as sensing material showed good reversibility and reproducibility with good response  
(200 Hz for 100 ppm and 3.5 kHz for 500 ppm) for acetone vapors. Both response and recovery time were 

found to be ~20-30 s. With such potential outcomes, this simple, cost-effective rGO-based highly sensitive 

gas sensor can be fruitful to the applications such as human health and environment safety. Some further 

modifications in this work can give more promising results. 
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